INTRODUCTION
Empirical orthogonal function (EOF) analysis is useful for examining both the temporal and the spatial variation in CZCS images because it reduces a time series of spatial data to a smaller number of time-varying spatial patterns that explain most of the variance in the data. EOF analyses applied to physical phenomena use data sampled evenly in time or space with no missing data values [Preisendorfer, 1988] , and those applied to CZCS images have covered small regions with data sets chosen to minimize cloud cover [Baraie et ai., 1986; Lagerioef and Bernstein, 1988] . It is possible that CZCS imagery evenly spaced in time might be acquired; however, this is rare in the CZCS data set on hand because cloudiness often prevented data acquisition. Sequential CZCS images for a defined ocean area may also contain missing pixel data because of sampling procedure or instrument malfunction. Therefore CZCS data sets do not meet the error-free requirements of EOF analysis and are not likely to meet those requirements in the future.
We performed EOF analyses on the data in a series of 36 CZCS images, irregularly spaced in time, that contained varying amounts of missing data caused by cloud cover or by partial CZCS sensor coverage. Our objective was to develop and apply an EOF analysis method to such CZCS image data and to determine whether this EOF procedure would reveal recognizable biological patterns iri phytoplankton pigment.
Ocean color measurement and interpretation is now practical on regional [Hovis et al., 1980] and ocean basin length scales [Esaias et al., 1986] . The coastal zone color scanner (CZCS), flown on Nimbus 7, provided data that could be used to obtain a synoptic estimate of near-swface phytoplankton pigment concentrations. However, since the CZCS used visible wavelength channels, estimation of pigment concentration was limited to the cloud-free portions of the CZCS field of view. Image processing methods currently use composites of daily mosaics to prepare CZCS images of laIge ocean areas [Esaias et aI., 1986] . For compositing periods of a month or less, each low-resolution composite pixel is the arithmetic average of the daily high-resolution pixels within the lower-resolution area (W. Esaias, personal communication, 1989) . For example, the May 1979 composite image for the North Atlantic Ocean included high-resolution data from 0 to 14 images in the monthly composite for each low-resolution grid, depending on the degree of cloud cover [Esaias et al., 1986] . Time series of images produced from CZCS data generally show spatial patterns very well [Brown et aI., 1985; McClain et al., 1986] ; however, analyses of CZCS image data using statistical methods such as spatial averaging or temporal curve fitting are unsatisfactory because they yield information for only one time or for only one geographical area.
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METHODS
The CZCS images used were from a reduced resolution, Earth-gridded data set distributed by the National Aeronau- 
where C' is the transpose of C. The CZCS series used here consists of 36 images of 7124 pixels each. If an EOF analysis were done on this data in the usual manner, it would involve solving for the eigenvalues and eigenvectors of a 7124 x 7124 matrix. A maximum of 36 of the eigenvalues of this matrix will be nonzero [Horse and Kutzbach, 1969; Yon Storch and Hannoschock, 1984] . A more efficient method is to transpose the original data matrix before applying the EOF procedure [Legler, 1984] . Now C is N x M and the rows are the N times, while columns are the M spatial points. This reduces the size of the variance-covariance matrix to be solved to 36 x 36. The N eigenvectors of C are now dimensionless time series, and the coefficients are spatial patterns with the same units as the original data. While this spatial mode decomposition may reduce the statistical reliability of the eigenvalues [Kelly, 1988] , it dramatically increases the speed at which the eigenvalues are calculated. Another much more efficient method of performing on EOF analysis is the sinwe-value decomposition method [Kelly, 1988] ; however, this method cannot be used in the present case which has large amounts of missing data. All CZCS images had some missing pixel values, while some images had a majority of the pixel value missing (Table 1) ; therefore the variance-covariance matrix A could not be calculated from (2) but rather was calculated from 9. where nu is the number of pixels having valid data at both times i and j, and C is no longer as defined as in (]) but is given by III C'k = P/k -n,-' L P'nt WI-I tics and Space Administration, Goddard Space Hight Center, for the analysis of the 1979 spring boom. In constructing this data set, high-resolution pixels were navigated to Earth coordinates and spatially averaged to produce lowerresolution pixels having a spatial resolution of 5 min of latitude by 6 min of longitude. A complete description of the algorithm used to derive pigment concentrations is given by Williams et al. [1985] . The CZCS images were acquired from February 28, 1979, through July 9,1979, for the ocean waters along the east coast of the United States from 35.5°N to 45.00N and extending offshore approximately 550 km. The study area includes the Mid-Atlantic Bight, Georges Bank, and the Gulf of Maine (Plate I). (Plate I is shown here in black and white. The color version can be found in the separate color section in this issue.) G. Lagerloef (personal communication, 1988) suggested that EOF analyses be done both with the temporal mean removed from each data point and with the spatial mean removed from each image. Lagerloef and Bernstein [1988] defined the variance when the temporal mean is removed to be the temporal variance and the variance when the spatial mean is removed to be the spatial variance. Any twodimensional data set contains variance about the data centroid. Although this variance is reduced by remapping the data into a new space by removing the mean value in either dimension, there is still variance in both dimensions.
Empirical orthogonal function analysis, also known as principal component analysis, distributes the total variance in a data set among a new ranked set of orthogonal patterns composed of combinations of the original variables [Preisendorfer, 1988] . EOF analyses are typically applied to geophy~ical data in which the original variables are locations at which complete time series of observations are taken. Consider such a data set, P(x,t), represented as an M x N matrix p, with the M rows representing the stations and the N columns representing the times. Removing the temporal means (row means) from each time series gives a new matrix, C, with elements (4) where nl is the number of pixel values present in row L.
Only 11 of 36 images had less than 25% missing pixel values, and 12 had over 50% of the pixel values missing (Table 1) . Including images with substantial amounts of missing data dramatically increased the number of images used to determine the EOFs. As a consequence of the inclusion of these cloudy images, the matrix A, while composed of variances and covariances, was no longer a variance-covariance matrix in the usual sense because it was not positive definite. Some of the eigenvalues of A were negative, which were mathematical artifacts caused by the gappy sampling. However, the negative eigenvalues can be geophysically interpreted as noise introduced into the data set by estimating the covariance between images from a subset of the pixels in ~hose images rather than from the complete images. Examination of the spatial coefficients and time series associated with the negative eigenvalues indicated they were important only on small spatial scales of the order of 5 to 10 pixels. RESULTS EOF analyses were performed both with temporal and with spatial means removed from the images. Pigment concentrations in the temporal mean were highest nearshore, decreased across the shelf, and were lowest off the shelf (0
The M x M variance-covariance matrix of C is (Plate la). The lowest values in the study area were in the southeast offshore region influenced by the Gulf Stream. Spatial means ranged from 0.25 to 1.8 mg pigment/m3 (Plate Ib). The time series of spatial means did not show a distinct bloom period because maximum pigment concentrations occurred at different times in different portions of the study area (Plate Ib).
Eigenvalues from temporally and spatially averaged analyses are presented in Figure I . Overland and Preisendorfer [1982] present criteria for determining the significance of the first five EOF modes. They do not list critical values for sample sizes as large as 7124. However, significant modes can be identified by noting that as sample size increases, the critical value decreases, and that the higher the mode, the lower the critical value becomes. We can conservatively determine that the first nine modes of the temporally averaged EOF analysis are significantly different from noise, since they exceed the critical value for the first mode when n = I(XX). When the spatial means were removed, the first seven modes were significant. While many of the lowerorder modes of both analyses were significant, only the first two will be discussed in detail since they explain substantially more of the variance than the other modes ( Figure I ). The other significant modes represent increasingly smaller scale spatial and temporal signals. These modes are difficult to interpret and may not be biologically or physically meaningful, since they can be mathematical constructs arising from the orthogonal nature of the analysis itself. Modes with negative eigenvalues add an additional 9.5% to the variance in the temporally averaged analysis and add 21.8% to the variance in the spatially averaged analysis. Examination of the eigenvectors associated with the negative eigenvalues indicated that the negative modes were significantly large only for those images with the most missing pixel values.
In examining the spatial patterns and time series derived from the EOF analysis, the effect of a given EOF mode on the pigment field for a certain day is calculated by multiplying the spatial pattern of the EOF by the value of the time series for the day of interest. The resultant pattern is the variation in pigment distribution from the average. Temporal Average Removed The first temporally averaged EOF mode explained 21.5% of the variance in the series (plate 2). (Plate 2 is shown here in black and white. The color version can be found in the separate color section in this issue.) The spatial pattern and associated time series show two regions which are out of phase. The spatial coefficients with the greatest absolute value occur in the southwestern portion of the Mid-Atlantic Bight (Plate 2D). The spatial coefficients are positive and 4.
-10.
-15.
. show the extent of the maximum spring pigment concentration, which occurred on April 19, as indicated by the largest positive value in the time series (plate 2b). The negative spatial coefficients and time series values occurring over Nantucket Shoals and the Gulf of Maine were smaller in absolute value than the positive coefficients. They indicate an occasional small increase in pigment over the Nantucket Shoals and Gulf of Maine area from March through June, with larger localized increases in June.
The second EOF mode explained 18.3% of the variance and showed a shelf-wide increase in pigment (Plate 3). (Plate 3 is shown here in black and white. The color version can be found in the separate color section in this issue.) The entire shelf was in phase with the highest pigment values located over Nantucket Shoals and Platts Bank in the Gulf of Maine (plate 3a). The associated time series reveals that this mode corresponds to a slight April shelf bloom and a June shelf bloom of greater magnitude (Plate 3b).
values were lower. The spatial extent of nontrivial positive and negative areas was greater in this mode than in the first temporally averaged mode. While April 19 was still the largest coefficient of the time series, other images had coefficients of similar magnitude (plate 5b). Removing the spatial mean remapped the daily image data to variations around a zero mean. This reduced the influence of times with high pigment concentrations throughout the image by reducing their contribution to the total variance. The increase in time series coefficients when the spatial mean was removed indicates that the identified pattern was not caused by pigment values in a single, aberrant day, as might be inferred from the temporally averaged analysis. This EOF mode reflects a pattern that was present on several days; however, unless spatially averaged, the high pigment concentrations on April 19 obscure the identification of the pattern on other days. Eslinger and Iverson [1986] presented a time series of six April CZCS images of the Mid-Atlantic Bight. This series illustrates the rapid changes in pigment concentration and both percentage and location of cloud cover that can occur over time scales of the order of I to 2 days. Consecutive
Spatial Means Removed
When the spatial mean was removed from each image, the first mode of the EOF analysis explained 59.1% of the variance (plate 4) (Plate 4 is shown here in black and white. The color version can be found in the separate color section in this issue.) The spatial pattern had high coefficients nearshore decreasing across the shelf, with lowest values offshore (Plate 4a). The time series were always positive (Plate 4b), indicating that this EOF represents a pigment increase over the spatial means for most of the region. When rescaled (not shown) this mode was almost identical to the time average of the pigment distribution (Plate la). That such a large proportion of the spatial variance is due to the temporal average is not surprising, since the spatial phytoplankton pigment distribution is related to productivity, which is controlled by greater nutrient availability on the continental shelf than in offshore waters.
The second EOF mode accounted for 13.2% of the variance (plate 5). (plate 5 is shown here in black and white. The color version can be found in the separate color section in this issue.) Its pattern (Plate 5a) was very similar to the first mode from the time averaged data (plate 2a); however, maximum positive values were not as great, and negative CZCS images generally had dissimilar amounts of missing data ( Table I ). The spatial and temporal variability in CZCS images makes it difficult to estimate missing pigment concentrations by methods such as spatial interpolation. Because images with missing values can be used in the modified EOF procedure used here, pigment concentrations for missing values can be estimated from reconstructed images. After the EOF analyses were completed, pigment concentrations in a given image were estimated by summing the average with the products of the spatial coefficients and the associated time series coefficient for the image. The image was then reconstructed with the missing pixel values estimated in this manner. The small-scale spatial variability was preserved by using a large number of modes in image reconstruction. Images were reconstructed from the temporal average together with the II lowest temporally averaged modes, which contained 95.4% of the variance. In the original image for April 17, 1979, 61.8% of the pixels were obscured by clouds (Plate 6). (Plate 6 is shoWn here in black and white. The color version can be found in the separate color section in this issue.) Pigment concentrations over the shelf were less than the temporal average in most places (Plate la), with some patchy structure extending offshelf. The reconstructed image preserves the magnitude and the patchiness of the shelf pigment concentration patterns and has structure in the offshore pigment distribution that would have been difficult to detennine from the original image alone (plate 7). The error in estimating the original values using the recombined EOF modes was small, with most of the reconstructed pixel values within 0.17 mg pigment/mJ of the original data (plate 8). (Plate 7 and 8 are shown here in black. and white. The color versions can be found in the separate color section in this issue.) Image reconstructions with estimates of missing phytoplankton pigment concentrations obtained in this manner can be used in modeling or for other purposes.
patterns are obtained from the product of the time series coefficients and spatial patterns for a given mode. The first temporal (Plate 2a) and second spatial (Plate 5a) modes show a south to north progression of the bloom with a short-terot, large-spatial-scale increase in pigment concentration in the Mid-Atlantic Bight in April, followed in June by a northern bloom of smaller magnitude. Brown et al. [1985] found a 1982 Mid-Atlantic Bight shelf bloom to be related to increased water column stratification, while a slope bloom occurred in unstratified water. The April 1979 Mid-Atlantic Bight bloom seen here was associated with decreased wind speeds and therefore with decreased wind mixing of the unstratified water column [Eslinger and Iverson, 1986] . Yentsch and Garfield [1981] found persistent thennal fronts over Georges Bank and within the Gulf of Maine. Waters in these frontal areas were unstratified owing, at least in part, to tidal mixing and were associated with high pigment concentrations. The northern June bloom revealed in the first temporal and second spatial modes was strongest over the shallowest portions of the Gulf of Maine and Nantucket Shoals and was probably due to tidal mixing in shallow areas. Spring tides occurred on June 13 and June 23 [U.S. Department of Commerce, 1978] and the blooms occurred on June 12 and June 23 (Plate 2b). Georges Bank, Jeffreys Bank, and the Nova Scotian front are the tidally DISCUSSION The spring phytoplankton bloom has been considered to proceed from nearshore to offshore [Parsons t't aI., 1966] and from south to north in the northern hemisphere [Stt't'le, 1965; Robinson, 1966] owing to the interaction of light energy, vertical mixing, and water depth [Rilt'y, 1942; Sverdrup, 1953] . These patterns are distinguishable in the results of the EOF analysis. The actual pigment concentration ity is not markedly affected by processes that cause temporal pigment variability. mixed frontal regions within the Gulf of Maine identified by Yentsch and Garfield [1981] . In this EOF mode, they do not show significant spatial coefficients indicating a bloom because they were cloud-obscured in the CZCS imagery on June 12 and June 23.
Increases in chlorophyll concentration and primary production during the spring have been reported over the entire northwestern Atlantic shelf [O'Reilly and Busch, 1984] as well as for the Mid-Atlantic Bight [Falkowski et al., 1988] , New York Bight [Malone, 1976; Malone et al., 1983] , Georges Bank [Walsh, 1981] , and the Gulf of Maine [Mo"is and Skea, 1978] . These investigations were unable to acquire samples in sufficient numbers to resolve the details of the spring bloom with the temporal and spatial resolution possible with CZCS imagery. The second temporally averaged mode is a shelf-wide bloom (plate 3a), and its increase in magnitude (Plate 3b) from March to June suggests that it is a response to increasing light levels in these shallow waters [Riley, 1942] . Campbell and O'Reilly [1988] found that photosynthetically available radiation (PAR) and integral productivity increased from January until June on the northwestern Atlantic shelf. This supports the hypothesis of a light-forced, vernal bloom over the shelf as a whole. Although productivity and PAR increased, the near-surface chlorophyll visible to a satellite decreased from March through June because of seasonal stratification and the formation of subsurface chlorophyll maxima [Campbell and O'Reilly, 1988] . This may explain why the bloom is not seen more frequently in the EOF time series.
The number of images included in the EOF analysis was greatly increased by modifying the calculation of the variance-covariance matrix to incorporate images with substantial amount of missing data. This increased the size of the data set used to determine the dominant large-scale patterns and time series at the expense of increased noise on smaller spatial and temporal scales. By performing EOF analyses with both temporal and spatial means removed, differences in the factors controlling temporal and spatial variability were identified. Spatial variability is dominated (59%) by a pigment distribution that was almost temporally constant (Plate 4b), as is shown by the time series coefficients that are positive and similar in magnitude through time. This suggests that on the temporal and spatial scales considered here, the spatial variability of phytoplankton pigment is predominantly controlled by factors operating on large spatial scales and over long time periods, such as nutrient input to the euphotic zone and water column mixed layer depth. The effects of forcing variables that operate on shorter spatial and temporal scales, such as increased chlorophyll concentration due to wind effects [Walsh et al., 1978; Eslinger and Iverson, 1986] , are present in the second mode (Plate 5). In contrast, temporal variability varies through space as well as time. The spatial coefficients (Plate 2b) in the first temporally averaged mode showed strong differences between the southern and northern regions, while one day, April 19, dominates the time series (plate 20). In the second mode, the spatial pattern was similar over the entire shelf and there was no single dominant time signal. This implies that both transient, small-spatial-scale and longer, larger-spatial-scale processes are important in controlling the temporal variability of the shelf phytoplankton pigment within the time and space scales of this study; however, spatial pigment variabil- 
